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Abstract
Background: Plant MADS domain proteins are involved in a variety of developmental processes for which their
ability to form various interactions is a key requisite. However, not much is known about the structure of these
proteins or their complexes, whereas such knowledge would be valuable for a better understanding of their
function. Here, we analyze those proteins and the complexes they form using a correlated mutation approach in
combination with available structural, bioinformatics and experimental data.
Results: Correlated mutations are affected by several types of noise, which is difficult to disentangle from the real
signal. In our analysis of the MADS domain proteins, we apply for the first time a correlated mutation analysis to a
family of interacting proteins. This provides a unique way to investigate the amount of signal that is present in
correlated mutations because it allows direct comparison of mutations in various family members and assessing
their conservation. We show that correlated mutations in general are conserved within the various family members,
and if not, the variability at the respective positions is less in the proteins in which the correlated mutation does
not occur. Also, intermolecular correlated mutation signals for interacting pairs of proteins display clear overlap
with other bioinformatics data, which is not the case for non-interacting protein pairs, an observation which
validates the intermolecular correlated mutations. Having validated the correlated mutation results, we apply them
to infer the structural organization of the MADS domain proteins.
Conclusion: Our analysis enables understanding of the structural organization of the MADS domain proteins,
including support for predicted helices based on correlated mutation patterns, and evidence for a specific
interaction site in those proteins.
Background
New mutations continually arise and are the source of
genetic diversity. They provide the material on which
selection acts; in large, sexual populations, beneficial
mutations will reach fixation, and most deleterious
mutations will be lost. However, in the case of deleter-
ious mutations, a compensatory mutation may occur
that renders the two mutations neutral or beneficial as a
pair and causes them to be preserved by selection. In
protein-coding sequences, coevolution of residues can
occur as compensation of changes in e.g. volume or
charge, or because of the simultaneous involvement of
residues in e.g. ligand binding. This implies that residues
which show such correlated mutations are expected to
be located close to each other in the 3 D structure of a
protein. An early observation of this kind was obtained
in a set of virus sequences, where the positions in the
sequence that showed an identical pattern of variation
were in most cases close together in the 3 D structure
[1]. Several studies have reported similar observations
and have made use of such information e.g. to engineer
artificial domains [2], to predict interhelical contacts in
transmembrane proteins [3], to analyze functional
dependencies observed within HIV genes [4], to predict
functionally important residues [5] or to distinguish
between correct and incorrect models for the 3 D struc-
ture of proteins [6].
A number of methods have been developed to search
for correlated mutations, and their results are mostly
validated by comparing with distances between residues
in crystal structures. A distinction can be made between
pairwise correlation methods (which might be based on
substitution matrix scores or related physicochemical
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methods [9-11]. The former seem to outperform the lat-
ter when using enrichment of residue pairs at short dis-
tances as a criterion [12,13]. Although several correlated
mutation measurements yield reasonable accuracy for
intramolecular contact map prediction, the accuracy
level drops in intermolecular contact prediction [14].
On a higher level, similarity between phylogenetic
trees is related to protein interactions in large sets of
interacting families [15-22]. However, it has been heavily
debated whether this signal is due to true coevolution,
i.e. compensatory mutations between residues in the
binding partners [23]. A number of factors affecting sets
of proteins, such as similar expression patterns or func-
tioning in a given biochemical pathway, can generate
similarity in evolutionary rates [24]. Families with simi-
lar evolutionary rates in different organisms will present
similar trees, without the need for co-adaptation
between the corresponding proteins. Although this con-
founding effect takes place at the level of phylogeny,
residue-level correlated mutations also contain noise
caused by evolutionary processes related to common
ancestry, such as changes in codon usage or amino acid
frequencies [25,26]. Hence, misleading signal can be
caused by phylogenetic correlations between homolo-
gous sequences and from correlation due to factors
other than spatial proximity. This highlights the need to
distinguish between observed “covariation”,a n dt r u e
“coevolution”, which is what we would like to infer
based on those observed signals which do however con-
tain noise.
Plant MADS domain transcription factors (TFs) are
involved in regulation of a variety of developmental pro-
cesses such as floral transition and flower development
[27,28]. They “do it together” [29] in the sense that they
are engaged in protein interactions and form protein
complexes that are required for binding DNA. An analy-
sis of the interaction capacity of all members of the
family in Arabidopsis r e v e a l e dt h ea b i l i t yt of o r m1 1 0
different dimers [30] among 27 members of the subfam-
ily of MIKC-type (or type II) MADS domain proteins.
These TFs have in addition to the MADS (M) domain
an I, K and C-domain [31,32].
A couple of structures are available for dimers of
MADS domains (followed by a domain with some
homology to the I domain) [33-38], but structural
information for the other domains is lacking. The
structures show that two MADS domains extensively
contact each other, but mutagenesis data indicate that
also other parts of the MIKC proteins contact each
other. In particular, the I-domain is involved in deter-
mining interaction specificity [39,40] and the
K-domain is important for dimerization [41-45]. A few
computational studies previously analyzed plant MADS
domain protein sequences in order to find functionally
important regions, albeit without explicit reference to
their role in interaction specificity [46-48]. Other com-
putational studies focused on the evolution of the
interaction network via duplications [49] or on simu-
lating models for gene- and/or protein-interactions
[50-52]. Recently, we developed a method aimed at
predicting interaction sites using experimental interac-
tion data and applied it to the MADS domain protein
family [53] followed by experimental testing of sites
governing interaction specificity [54].
Here, we present a novel approach to analyzing cor-
related mutations and testing their validity. We analyze
correlated mutations in a family of interacting pro-
teins. This provides a convenient way to compare cor-
related mutations between those proteins and assess
whether correlated mutations are ‘conserved’ between
them. Secondly, it allows comparison of correlated
mutations observed between pairs of interacting pro-
teins with those observed between pairs of non-inter-
acting proteins, where the latter provide a unique
background-model for assessment of significance of
the observed intermolecular correlated mutations.
Hence, our results contribute to the interpretation of
correlated evolution signals.
We integrate our results with available structural,
bioinformatics and experimental data for the plant
MADS domain proteins and in this way we obtain clues
about the structural organization of these proteins and
their complexes.
Results
We will first discuss sequence retrieval, followed by cor-
related mutation analysis and validation of the results
using various types of independent data. Next, conserva-
tion of correlated mutations between homologous posi-
tions in various proteins will be analyzed, which
provides a novel way to assess the amount of informa-
tion correlated mutations contain. Finally, our results
will be applied in prediction of protein interactions and
scrutinized to obtain structural insight into the MADS
proteins.
Sequence data
The workflow followed to obtain sequences and perform
further analysis is illustrated in Figure 1. In total, 1760
sequences were obtained using Interpro, 2043 using
blast and 303 from sequenced plant genomes; after clus-
tering and filtering with a minimum of 25% sequence
identity to one of the Arabidopsis MADS proteins, 2080
sequences were retained. As explained in the Methods
section, we do not strictly define 1-to-1 orthology, but
for the sake of clarity we will refer in the sequel to these
sequences as (putative) orthologs. For the following 12
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putative orthologs available: AG (114 sequences), AGL6
(56), AP1 (127), AP3 (339), FUL (117), PI (235), SEP1
(95), SEP3 (107), SHP1 (77), SOC1 (65), STK (42) and
SVP (34). These proteins were analyzed for intramolecu-
lar correlated mutations (sequence identifiers are listed
in Additional File 1).
Combining the sequences with existing interaction
data [30] allowed in total 34 different pairs of interact-
ing Arabidopsis proteins to be analyzed, with a mini-
mum of 30 ortholog pair sequences (Additional File 2).
As background model, 34 pairs of non-interacting
MADS pairs were used for which a minimum of 30
ortholog pairs were available. Because of the way we
deal with co-orthologs (see Methods), there are cases of
MADS domain proteins that pass the threshold of 30
sequences only in the intermolecular analysis and not in
the intramolecular analysis.
Validation of correlated mutation analysis
Correlated mutations were obtained for intra- and inter-
molecular sequence alignments using CAPS (see
Methods). Additional Files 3 and 4 contain lists of these
results. To validate the observed correlated mutation
pairs, we compared them with available structural data
(a crystal structure is available for the human MADS
domain), previously predicted interaction motifs and
Single Nucleotide Polymorphisms (SNPs).
Validation: structure data
Residues which show correlated mutations are expected
to be located close to each other in tertiary and quatern-
ary structure. Comparison of the distribution of dis-
tances for intramolecular correlated mutation residue
pairs in the crystal structure of the MADS domain
shows that there is indeed a clear enrichment at low dis-
tances, compared to all residue pairs in the crystal struc-
ture (Figure 2A). The enrichment for the analysis with
time correction (see Methods) is similar to the enrich-
ment for the analysis without time correction; for the
former, 74% of the correlated mutation residue pairs are
within 15Å, whereas for the latter this is 77%. These
numbers should be compared with the percentage of all
residue pairs within 15Å in the crystal structure, which
Figure 1 Correlated mutation analysis of MADS domain proteins: workflow diagram. Sequences were obtained via blast, interpro and
from a set of sequenced plant genomes. Orthologs were assigned using a best-hit criterium, followed by clustering to group sequences within
each species with a very high sequence identity and filtering to remove sequences with low sequence identity to Arabidopsis MADS sequences.
Intramolecular and intermolecular correlated mutations were obtained, and validated using various datasets. Subsequently, conservation of
correlated mutations between proteins was analyzed, and correlated mutations were compared between interacting and non-interacting
proteins. A. th.i sArabidopsis thaliana.
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residue pairs in the crystal structure indicates that this
enrichment is statistically significant (p < 0.001).
For the intermolecular correlated mutation analysis,
the analysis of interacting protein pairs using time cor-
rection (see Methods) shows an enrichment in residues
within 15Å, compared to all residue pairs (Figure 2B).
Such enrichment is not found for interacting protein
pairs analyzed without time correction, nor for non-
interacting pairs analyzed either with or without time
correction (Figure 2B). Hence, these two background
models strongly support the significance of the distance
enrichment for the resulting residue pairs in the corre-
lated mutation analysis of the interacting MADS
domain proteins. Note that the correlated mutation ana-
lysis of non-interacting pairs results in a strikingly lower
percentage of pairs of residues with small distance
(Figure 2), an observation for which we miss a clear
interpretation.
The enrichment of residues which are in contact
(within 15Å) across the interface is reasonably strong
(55% of the correlated mutation residue pairs are in
contact vs. 39% for all residue pairs), but less so than
what is seen for the intramolecular correlated mutation
analysis. This is in line with what has been observed
previously for intermolecular correlated mutation analy-
sis (see introduction). One reason could be that the cor-
related mutation analysis will inherently focus on
residues which are not conserved (because otherwise
there will be no coevolution effect). For a large part,
residues at the interface will be conserved, meaning that
a lot of residue-pairs will not show up in the correlated
mutation analysis. Another factor obviously is the
assumption (inherent to intermolecular correlated muta-
tion analysis) that orthologs will have similar interaction
partners, a hypothesis for which evidence exists [55] but
that also has been challenged [56]. The clear difference
between the interacting and non-interacting protein
pairs does however strongly argue for the importance of
the correlated residue pairs that we recover. The results
presented here are for using a cutoff for the correlation
coefficient of 0.4, but qualitatively they are similar for
higher cutoffs (only the number of reported pairs is
lower). Because enrichment of residue pairs at small dis-
tances was only observed for the analysis with time cor-
rection, in the sequel we use results from that analysis
only. To further analyze the significance of the observed
short distance enrichment for the intermolecular corre-
lated mutations, a resampling analysis was performed.
This is described in detail in Additional File 5; it clearly
confirmed the significance of our results.
Validation: comparison with predicted interaction motifs
For the intermolecular correlated mutation results, a com-
parison was made with motif pairs which were previously
predicted to determine MADS interaction specificity
[53,54]. The rationale behind this comparison is that both
motifs and correlated mutations should contain informa-
tion about interaction residues. Overall, there are large dif-
ferences between different interacting protein pairs with
respect to the number of correlated mutation positions
and motifs that coincide. The lowest coincidence was
found for the AGL12-AGL16 interaction for which only
10% of the residues involved in correlated mutation were
overlapped by predicted interaction motifs. In contrast,
three interacting protein pairs (ANR1-SOC1, AGL21-FUL,
and SOC1-SVP) showed over 70% of their correlated
mutation positions overlapped by predicted interaction
motifs. However, there was a clear difference between the
results for the interacting pairs and non-interacting pairs.
For the interacting pairs, 55% of the motif positions was
overlapped by at least one correlated mutation position,
and 39% of the correlated mutation positions was covered
by a motif, whereas for the non-interacting pairs, 42% of
Figure 2 Short distance enrichment of correlated mutations in MADS domain. (A) Distribution of distances in intramolecular correlated
mutation residue pairs. All residue pairs in crystal structure (red), correlated mutation analysis without time correction (blue) and correlated
mutation analysis with time correction (green); (B) Percentage of pairs within 15 Å (left panel) and within 10 Å (right panel) for all intermolecular
residue pairs in the crystal structure (black), residue pairs resulting from correlated mutation analysis of interacting protein pairs using time
correction (dark grey), residue pairs from correlated mutation analysis of interacting pairs without using time correction (light grey) and residue
pairs from correlated mutation analysis of non-interacting protein pairs (white).
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lated mutation position, and 32% of the correlated muta-
tion positions was covered by a motif. Comparison with
randomly generated position pairs (see Methods) showed
that the F-score (harmonic mean of coverage of correlated
mutation positions and of predicted interaction motifs,
0.46 for the interacting pairs and 0.37 for the non-interact-
ing pairs) was significantly different from random for the
interacting protein pairs (p < 0.001), but not for the non-
interacting protein pairs (p~0.5).
Both the previously predicted motif pairs and the cor-
related mutation position pairs predict connections
between regions in pairs of interacting sequences. In the
comparison above, this was not taken into account, but
w ew o u l de x p e c tt h a to v e r l a pb e t w e e nm o t i fp a i r sa n d
correlated mutation pairs would be ‘consistent’ in the
sense that the two motifs that constitute a motif pair
each overlap with one of the two positions of a given
correlated mutation pair. Analysis of the number of
ortholog pairs in which a given motif pair had such con-
sistent overlap with correlated mutation positions indi-
cates that this is higher for the interacting pairs than for
the non-interacting pairs (data not shown). There is one
motif pair which overlaps consistently with a correlated
mutation pair in four different interacting protein pairs,
and one which overlaps consistently in three different
interacting pairs. The former connects two parts of the
K-domain (Figure 3), whereas the latter connects two
parts of the I-domain. The various correlated mutations
which show consistent overlap with motif pairs are
shown in Additional File 6. These positions are strong
candidates for further investigation as important resi-
dues for protein-protein interactions of the MADS
domain proteins.
Validation: comparison with SNP data
Finally, we compared the intermolecular correlated
mutation positions with available Arabidopsis SNP data
[57]. For the interacting pairs, we found 207 non-
synonymous SNPs without overlap with a correlated
mutation position, and 19 with overlap with a correlated
mutation position. For the non-interacting pairs, these
values are 581 and 74, respectively. This means that the
fraction of non-synonymous SNPs covering a correlated
mutation site is smaller for the interacting pairs (8.4%)
than for the non-interacting pairs (11.3%). Of course at
longer evolutionary distances one would expect a corre-
lated mutation position to be variable (otherwise it
would not be detected as a correlated mutation posi-
tion), but if these sites are functional (i.e. in our context,
important for the interaction) then at short evolutionary
distances it is reasonable to expect that they are con-
served, and the fact that they are more conserved for
the interacting compared to the non-interacting protein
pairs is additional validation of our results. These results
are reinforced by the fact that for the synonymous
SNPs, no such difference between interacting and non-
interacting pairs is observed (both display an overlap of
~10% between synonymous SNPs and correlated
mutations).
Validation: general trends
Overall, the comparison of correlated mutation positions
with structural data, interaction motifs and SNPs show
the same trend: correlated mutations from interacting
pairs have enrichment in signals compared to non-inter-
acting pairs. In addition, the intramolecular correlated
mutations show clear distance enrichment. Hence, all
observed trends, although sometimes weak, are consis-
tent and point towards biological significance of the
observed signals.
Conserved correlated mutations
An intriguing question is whether positions with corre-
lated mutations in various protein subfamily members
are conserved for being correlated or not, because this
would give further insight into the mechanism behind
correlated mutations. Note that the use of the term
Figure 3 Example of consistent overlap between motif pair and correlated mutation pair. Sequence alignment of part of the K-domain
region is shown. In the interacting pairs STK-SEP3 and SHP1-SEP1, there is a correlated mutation pair (bold residues) which overlaps with the
same motif pair (underlined).
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common use to describe sequence conservation, but was
chosen because it best describes the phenomenon of
observing a feature (correlated mutation in this case) in
multiple instances of a sequence alignment (such use is
not unprecedented, compare for example with the use
of “structure conservation”). To answer this question for
the MADS proteins, we investigated for all intramolecu-
lar correlated mutation pairs in a given protein whether
they were detected in other MADS proteins as well, in
which case they were called “conserved” in these other
proteins. We first analyzed whether there is more con-
servation of correlated mutations for pairs of proteins
with higher sequence identity, but this was not the case.
Overall, 63% of the correlated mutation pairs are con-
served in at least one other MADS protein, and 37% are
not (conserved intramolecular correlated mutations are
listed in Additional File 7). For the non-conserved cases,
there are two possibilities: either a correlated mutation
is not conserved because the residues themselves at
these positions are conserved, i.e. not varying, in other
MADS domain proteins (which would support their
functional importance) or there is variation at the posi-
tions in other MADS domain proteins but it is not cor-
related. To distinguish between these two possibilities,
sequence entropy was calculated for each column in the
multiple sequence alignments (see Methods). Next,
homologous positions in various MADS domain protein
alignments were divided into two groups, one with cor-
related mutation occurring at that position, and one
without. Sequence entropy was compared between those
groups. This showed that correlated mutation positions
which were conserved in at least one other protein had
on average a higher sequence entropy (2.2 +/- 0.5) than
the homologous positions where the correlated muta-
tions were not conserved (1.9 +/- 0.2). Indeed, in 74% of
the cases conserved correlated mutation positions had a
higher entropy than the homologous positions where no
correlated mutation was detected. This means that no
correlated mutation was observed in those homologous
positions because they were less variable. Correlated
mutation positions that were not conserved in any other
protein did not show such difference in sequence
entropy. Hence, for correlated mutations that are not
conserved at all, the homologous positions in other pro-
teins are as variable as the position where the correlated
mutation occurs, but in these other proteins no com-
pensatory correlated mutation occurs. These results fit
within the framework of correlated mutations occurring
when a second mutation compensates for an earlier
deleterious one and indicate that this is most likely the
case for correlated mutations which are conserved in at
least one other protein. For those correlated mutations
that are not conserved at all this interpretation is less
likely because these positions show as much variation in
other proteins as in the protein where the correlated
mutation occurs.
For the intermolecular correlated mutations, several
correlated residue pairs are found in the MADS domain
for two interacting pairs of Arabidopsis MADS proteins
which can be compared with structure data as presented
above. These conserved correlated mutation pairs show
similar enrichment for short distances as observed for
all correlated mutation pairs: 11 out of 20 (55%) of
these pairs are located in each others neigbourhood in
the 3 D structure (within 15Å; see Additional File 7).
One example is the residue pair 47 - 66, which is found
as a correlated residue pair in AGL6 - SOC1 and SEP 1
- SOC1. The residues involved are located within a pre-
dicted distance of 8.8Å (Figure 4). Among the correlated
mutation pairs resulting from the non-interacting
MADS pairs, only one pair is found in two different
protein pairs; these two residues are not located in each
others neighbourhood. For the domains outside the
MADS domain, comparison with protein structure data
is not possible; however, again the resulting correlated
mutation positions are more conserved among the inter-
acting pairs than among the non-interacting pairs. There
are in total 64 conserved groups of correlated mutation
Figure 4 Conserved intermolecular correlated mutation.
(A) Illustration of conserved correlated mutation concept: a
correlated mutation is observed at homologous positions in two
sequence alignments for two different MADS-domain protein
subfamilies (or for two different pairs of interacting MADS domain
protein subfamilies). (B) Two chains of MADS domain protein dimer
(structure with PDB id 1n6j) are shown in blue and red. Spacefill
indicates residues 47 and 66, which are located close to each other
and which are detected as a correlated mutation pair both in the
interacting pair AGL6-SOC1 and SEP1-SOC1.
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mutation positions that are observed in more than one
pair of interacting proteins), whereas there are only 49
such groups in the non-interacting protein pairs. Com-
pared tot the total number of correlated mutation pairs,
for the interacting proteins this is ~0.9% and for the
non-interacting protein pairst h i si s~ 0 . 4 % .I na d d i t i o n ,
each group for the non-interacting protein pairs consists
of only two different protein pairs, whereas for the
interacting protein pairs there are two larger groups.
The conserved intermolecular correlated mutations are
shown in Additional File 7.
Analysis of MADS domain protein and complex structure
Based on the analyses described above we conclude that
the correlated mutation analysis results clearly contain
biological signal. We now describe application of these
results in order to obtain insight into the structural
organization of MADS domain proteins and their com-
plexes. In particular, we focus on the K-domain, because
structure information is already available for the MADS
and I domain (see above), and the C-terminal domain is
predicted to be unstructured.
Intramolecular organization of K-domain helices
Although structure information is only available for the
MADS and I domain, it is generally assumed that the
K-domain consists of coiled coils. Our correlated muta-
tion analysis can be used to validate this assumption.
We predicted coiled coils in this domain (see Methods)
and compared the correlated mutation positions with
these predictions. The predicted helices are listed in
Additional File 8. Based on the intra-helical organization
of residues, one would expect a periodic pattern of con-
nections between residues within predicted helices. This
is indeed the case: on top of the expected decay with
longer distance, there is a clear preference for residues
i-i+3, i-i+5 and especially i-i+4 to be connected to each
other, and for residues i-i+2 to be not connected. Note
that, for example, the notation i-i+3 refers to pairs of
residues which are separated in the amino acid sequence
by two intervening residues. This pattern is not found
when instead of the predicted helices, random stretches
of equal length are defined and compared with the cor-
related mutation positions (Figure 5A, B); the difference
in preference for i-i+4 vs i-i+2 is 9.8% (16.7% vs 6.9%, i.
e. over two-fold enrichment for i-i+4) for the predicted
helices, whereas only 10 out of 1000 randomizations
(randomly selecting sequence stretches) have a similar
or higher difference (p~0.01).
Next, we analyzed whether correlations were observed
between helices, in order to infer their orientation with
respect to each other. Because only a few intramolecular
correlated mutation positions occur between predicted
K-domain helices (15 pairs of positions, in 3 different
proteins: AP1, SEP1 and SEP3; these predicted connec-
tions are listed in Additional File 9), our results suggest
that these helices do not directly contact each other
intramolecularly in most MADS domain proteins. This
is in line with suggestions in the literature that these
helices would be involved in intermolecular contact
[43,44]. This suggestion is reinforced by the fact that we
do observe intramolecular correlated mutations between
the K-domain helices and the MADS/I domain: 115
pairs of positions in 8 different proteins (Additional File
10). These predicted connections mainly involve the
first K-domain helix, which is indeed expected to con-
tact the MADS/I domain as it is directly connected via
the primary sequence. Of these pairs, only 10 are show-
ing conservation, which is quite low compared to the
overall conservation for correlated mutation pairs (63%,
s e ea b o v e ) ;h o w e v e r ,o n er e a s o nm i g h tb et h a tt h eI
domain is more variable and less well alignable than the
MADS or K-domain. These cases of conserved corre-
lated mutations are shown in Additional File 10. Two
examples of such conserved predicted contacts are
between Val36 resp. Ser58 and two residues in the first
predicted K-domain helix of SEP3, and the same posi-
tions in AP1. An interesting aspect here is that Val36
and Ser58 are located close to each other (~9 Å) in a
structure model of SEP3 based on the available crystal
structure of the MADS domain, and the residues in the
K-domain helix which show correlated mutation with
t h e s et w or e s i d u e sh a v eas e q u e n t i a ld i s t a n c eo f6r e s i -
dues, corresponding with almost two turns of a helix,
which corresponds to ~3 Å. Taking into account that
contacts will be made via side chains, which bridge sev-
eral Å, these distances show a nice match (Figure 5C).
Analysis of intermolecular interactions
We also analyzed whether patterns of correlated muta-
tions could provide insight into the intermolecular
structural organization of the K-domain helices. One
possible organization would be that the two or three
K-domain helices from one protein form one extended
“superhelix”, which contacts an equivalent “superhelix”
of the other protein. In this case, one would expect
mainly intermolecular contacts between homologous
helices. Some suggestive drawings have appeared in lit-
erature [58,59], but the correlated mutation analysis
might give some more clear-cut insight here. The corre-
lated mutation pairs that we observed indicated that out
of all possible helix-helix contacts, there was not a spe-
cific preference for certain helix-helix contacts to be
present (Additional File 11). This could indicate a more
compact organization of those helices (Figure 6A). Note
that the “superhelix” organization would also not be
consistent with evidence that the last part of the
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plexes [43,60].
In a recent analysis of MADS interaction specificity [54]
we in particular focused on one part of the I domain
w h e r ew ef o u n da‘motif hotspot’: experimental investi-
gation with yeast-two-hybrid validated the importance
of this region, and using available structural information
we hypothesized that there would be an interaction
between this region and a complementary region in the
K-domain. As the motif in this region was specifically
validated for the SOC1 protein, we analyzed correlated
mutation pairs for SOC1 with interaction partners
where the position in SOC1 overlapped with this ‘hot-
spot’ region. Several of the complementary correlated
mutation pairs fall specifically in the first predicted helix
in the K-region, providing additional validation for our
original hypothesis (Figure 6B).
Discussion
Our analysis of correlated mutations in the MADS
domain protein family provides a unique way to investi-
gate the amount of signal that such mutations leave in
protein sequences. We studied correlated mutations in
various family members in terms of their conservation,
and were able to compare correlated mutations between
interacting pairs of proteins and non-interacting pairs of
proteins. The intramolecular correlated mutation results
show a clear enrichment of residue pairs located close
Figure 5 Structural implications of intramolecular correlated mutations for MADS proteins. (A) Comparison of correlated mutation pairs
with predicted helices in the K-domain: histogram of differences in sequence position for observed correlated mutation positions within
predicted coiled coil helices in the K-domain (thick line) and two representative examples of such distributions for positions within randomly
selected sequence stretches. Note that these display the same decreasing trend (as expected) but the relevant feature is the absence of the
difference between i+2 (low) and i+4 (peak), which for the real correlated mutation pairs is indicated by dots on top of the thick line.
(B) Illustration of the observed preferred distance within helices for AG. Helical wheel illustrates coil, arrows indicate correlated mutation residue
pairs. Sequence with arrows indicates correlated mutation residue positions. (C) Correlated mutation between residues from K-domain helix (left)
and MADS domain (right) is conserved between SEP3 and AP1; based on this analysis, Tyr179 is predicted to contact Ser58, and Arg185 to
contact Val36. Note that the distances between these residues within the K-domain and within the MADS domain are consistent with this
hypothesis. Dotted lines indicate observed correlated mutations.
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variations between proteins in the number of correlated
mutation pairs and the percentage located close to each
other. We did not observe a clear correlation between
the number of sequences available for each protein and
the number of correlated mutation pairs or the short
distance enrichment. We also tested whether the num-
ber of predicted correlated mutation positions or the
distance enrichment depended on quality measures of
the alignments that were used (e.g. fraction of gaps in
the alignment) but found no such correlation.
The majority of the intramolecular correlated muta-
tions were observed in at least two MADS proteins, i.e.
they showed conservation. We found that when such
c o n s e r v e dc o r r e l a t e dm u t a t i o n sw e r en o to b s e r v e di n
other MADS proteins, this is mostly because these posi-
tions are more conserved and not because of uncorre-
lated variability in these other proteins. This analysis
gives additional support to the interpretation of corre-
lated mutations as “one mutation followed by a compen-
satory mutation”. Such support is important because of
the need to infer “coevolution” based on observed “cov-
ariation”, a process in which noise can be present, as
discussed in the Introduction.
A possible confounding factor for intermolecular cor-
related mutation analysis is that we cannot be sure that
the predicted orthologs in all the various species that we
analyze do indeed interact. To get some further insight
into this issue, we assembled a set of interacting MADS
domain proteins from various species from literature
[30,61-67]. Using sequence identity with Arabidopsis
proteins as criterium, orthology relationships were pre-
dicted, and next we assessed whether the interaction
would have been correctly predicted based on the Arabi-
dopsis interaction data. This was the case in over 60% of
the interactions (data not shown). A random prediction
would have much lower success rate because there are
much more non-interacting than interacting pairs of
Arabidopsis MADS domain proteins. Still, this number
clearly illustrates a problem with which all intermolecu-
lar correlated mutation approaches have to deal, i.e. that
many interactions will be missed and/or incorrectly
assigned. Indeed, validation by for example structure
information shows that the fraction of residue pairs in
close contact is lower for the intermolecular correlated
mutations than for the intramolecular correlated
mutations.
Our approach is unique in using a set of interacting
protein pairs and a set of related non-interacting protein
pairs as a reference. As the latter would be expected not
to have correlations with each other, they serve as nega-
tive controls. Using these, we found i) that the overre-
presentation of intermolecular residues at short
distances is higher for interacting protein pairs than for
non-interacting pairs; ii) that there is more consistency
between results from different interacting pairs than
between results from different non-interacting pairs; iii)
that there is a better overlap between correlated muta-
tion results from interacting protein pairs and our pre-
viously predicted interaction motifs than between
correlated mutation results from non-interacting protein
pairs and those motifs; and iv) that they have less over-
lap with SNPs. Although some trends are weak on their
own, they are all consistent.
Our results here are complementary to our previous
analysis of sequence determinants of MADS protein
interaction specificity [53]. In particular, that analysis
focused on using sequences from Arabidopsis MADS
domain proteins in order to find motifs that are respon-
sible for interaction specificity. In our current study, we
Figure 6 Structural implications of intermolecular correlated mutations for MADS proteins. (A) Intermolecular correlated mutations
between K-domain helices do not support an “extended helix organization” (left panel), but suggest a more compact configuration (right panel).
(B) Correlated mutation results support motif-based predicted interaction site. Predicted K-domain coiled coil regions (black lines), overlaid with
predicted correlated mutation positions complementary to the ‘hotspot region’ in SOC1, for SEP1 and SHP1 (red circles). Most of the correlated
mutation positions fall inside the first K-domain helix (green shade); based on motif predictions in combination with structural information, an
interaction between the ‘hotspot’ region and the K-domain was hypothesized, for which the correlated mutation results provide additional
support.
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in order to find correlated mutation pairs. There is no
reason why these pairs should specifically contain infor-
mation about interaction specificity, but rather one
would expect that they contain information about inter-
action sites in general. As such, the predicted interaction
motifs would be expected to form a subset of the corre-
lated mutation sites, and in line with that, indeed the
coverage of predicted interaction motifs by correlated
mutation positions is higher than the coverage of corre-
lated mutation positions by predicted interaction motifs.
An important point is also that correlated mutation
positions per definition are sites which are not con-
served evolutionarily, whereas the motif positions are
relatively conserved; this again limits the possible
amount of overlap between these two analyses. Still, the
fact that we do find significant overlap indicates that a
combination of these two approaches might be particu-
larly powerful.
Conclusions
Our results provide understanding of structural proper-
ties of the important plant MADS proteins. In particu-
lar, our correlated mutation analysis confirms predicted
helices in the K-domain, and supports a specific organi-
zation of these helices in the MADS dimers. Also, we
obtain further support for an interaction region in the I
domain. Hence, in addition to obtaining general insight
into coevolution signals at the protein level, we also
demonstrate the use of these signals to test specific
hypothesis about structural properties of proteins.
Methods
Datasets
A set of type II MADS proteins was obtained as follows
(Figure 1). Interpro [68] was used to obtain UniProtKB
identifiers of sequences in various species that contained
both a MADS domain and a K-domain (PFAM domains
PF00319 and PF01486, respectively); these sequences
were retrieved from UniProt [69]. Secondly, the NCBI
web_blast.pl script was used with in turn each Arabi-
dopsis type II sequence as query, searching the NR data-
base with blastp. Hmmsearch [70] was used to select
sequences with both a MADS domain and a K-domain.
Thirdly, the genome sequences of rice [71], poplar [72],
grape vine [73], Physcomitrella patens [74], maize
http://www.maizesequence.org, medicago http://www.
medicago.org/genome, papaya [75] and sorghum [76]
were scanned using hmmsearch [70] to obtain
sequences with both a MADS domain and a K-domain.
Next, orthologs were assigned to the various Arabi-
dopsis sequences. We used a “best hit” criterion, based
on the value of the sequence identity (calculated using
gaps as non-indentical residues) after separately aligning
each of the obtained sequences with each of the Arabi-
dopsis sequences, using Muscle [77]. For the sequences
obtained from the eight genomes (where we are rela-
tively sure that all relevant sequences are obtained) this
criterium was applied bi-directional, whereas for the
other sequences it was only required that the respective
Arabidopsis sequence was their best hit (and not that
they were also the best hit of that Arabidopsis
sequence). We tested however also the use of a bidirec-
tional best-hit criterium for these other sequences, and
found that it did not improve results. Note that a recent
study suggested that it is beneficial to include both
orthologs and paralogs in the multiple sequence align-
ment used as input for correlated mutation analysis
[78]. Hence, a more restrictive bi-directional best hit
approach would not necessarily be expected to give bet-
ter results.
Subsequently, in each species separately, blastclust
with sequence identity cutoff of 95% was used for each
group of sequences which simultaneously were “best
hits” for a given Arabidopsis sequence (the cutoff of
95% was based on the observation that this keeps the
Arabidopsis MADS proteins apart). A representative for
each cluster was chosen randomly, except that prefer-
ence was given to Interpro-based sequences compared
to blast-based sequences and sequences from the gen-
omes were preferred over both Interpro-based
sequences and blast-based sequences. In addition, at
least 25% sequence identity between a sequence and the
Arabidopsis sequence which was it best hit, was
required.
Our choice to detect orthologs using blast hits is a
pragmatic one. A more elaborate and time-consuming
approach would be to make use of phylogenetic trees,
which however have their own degree of uncertainty.
We tested how different the results would be upon
application of phylogenetic relationships from previously
published phylogenetic trees for the MADS domain pro-
teins AP1 and FUL [79]. When comparing with struc-
ture data, resulting correlated mutations for these cases
did not contain more residue pairs at lower distances
than what was obtained when using blast (data not
shown). Hence we do not further discuss these results.
To analyze intramolecular correlated mutations, the
only step to take next was to align the sequences of
each Arabidopsis MADS domain protein with all its
associated sequences, for which Muscle [77] was used.
T h ea l i g n m e n t sw e r eu s e df o rt h ec o r r e l a t e dm u t a t i o n
analysis if at least 30 sequences were present. For inter-
molecular correlated mutation analysis, interaction data
from De Folter et al. were used [30]. We combined for
each pair of interacting Arabidopsis sequences their pre-
dicted orthologs within each species. If in one species
multiple sequences were best hits with one of the two
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the best hits in that species of its interaction partner.
For example, if Arabidopsis protein X and Arabidopsis
protein Y interact and both have two best hits in a
given species, in that species there are 2 * 2 = 4
combinations.
After alignment, the resulting sets of interaction pairs
(each consisting of one original Arabidopsis interaction
pair and the ortholog pairs obtained for various other
species) were used as input for the correlated mutation
analysis if at least 30 pairs were present. As a back-
ground model, non-interacting pairs with at least 30
associated sequence pairs were used as input.
Note that the cutoff on the number of sequences (30)
that we use is somewhat arbitrarily but such cutoff is
clearly needed because the smaller the number of
sequences, the less reliable the correlated mutation
results are.
Correlated Mutation analysis with CAPS
CAPS [8] compares the correlated variance of the evolu-
tionary rates at two sites in a multiple sequence align-
ment by comparing the transition probabilities between
each pair of amino acids at the two sites, using the
BLOSUM substitution matrix [80]. Because sequences
that diverged longer ago are more likely to fix mutations
at two sites by chance, BLOSUM values are normalized
by the time of divergence between sequences using Pois-
son corrected amino acid distances; we performed ana-
lysis both with and without this time correction. The
coevolution between two sites is then estimated as the
correlation in the pairwise amino acid variability, relative
to the mean variability per site. Correlated mutation
pairs are grouped based on their connectivity to each
other; only those “correlated groups” were analyzed.
To determine significance of these correlations, re-
sampling can be performed. However, because this is
computationally expensive (keeping in mind that we
perform correlated mutation analysis for various MADS
domain proteins and various pairs of MADS domain
p r o t e i n s ) ,w ec h o s et ou s eac u t o f fo nt h ev a l u eo ft h e
correlation coefficient, which we set to 0.4, in agreement
with previous correlated mutation analyses [3]. This is a
conservative threshold as it is slightly above the lowest
correlation coefficient values found to be significant in
an earlier application of CAPS [81]. We performed
resampling afterwards for a number of MADS protein
pairs to analyze the significance of the results obtained
when comparing the correlated mutations with available
structural data (see below, randomization trials). We
also tested a previously described approach to remove
spurious phylogenetic correlation by using subalign-
ments where specific clades are removed [8]. This
approach was implemented by using small subunit
ribosomal RNA sequences obtained from http://gobase.
bcm.umontreal.ca/searches/gene.php to obtain distances
between species and using Clustalw [82] to build a tree.
As the results of this analysis did not improve compared
to the results without this correction, we only present
the latter results. This is in line with an analysis that
showed that tree-aware correlated mutation methods
did not outperform tree-ignorant methods [83].
Comparison with protein structure data and predicted
interaction motifs
Although no structure for plant MADS domain proteins
is available, a couple of structures of human MADS
domains are available. Of these, 1tqe, 1n6j, 1egw and
3kov are crystal structures of MEF2-type MADS
domains, which are most related to plant MIKC (type
II) MADS domains [84]. Because 1egw, the structure of
human MEF2A [35] has the best resolution of these
structures we chose this structure for comparison of the
correlated mutation analysis results with structure data.
The structure of human MEF2B, 1n6j [33], has the sec-
ond-best resolution and we used this structure for com-
parison. Results of using this structure are almost
indistinguishable from that of using 1egw, so we only
report results for the latter.
Correlated mutation pairs were compared with protein
structure data as follows. For all intra-and inter-molecu-
lar pairs of residues in the PDB structure 1egw, the
shortest heavy-atom distance was obtained. Mapping of
the Arabidopsis sequence to the structure was obtained
v i aM u s c l ea l i g n m e n t .F o rt h i s ,r e s i d u e s2 - 6 9o ft h e
structure were used. For residues 2-59, which constitute
the MADS domain, there is high overall sequence simi-
larity with the plant MADS domain, and for residues
60-69 there is also reasonable sequence similarity with
the first part of the plant I domain. For the various pro-
teins, this similarity (amount of conservative substitu-
tions) is at least 7 out of 10. However, the sequence
identity with the plant I domain is lower than for the
MADS domain, meaning that the results of comparison
with this part of the structure could be more noisy.
In addition, correlated mutation pairs were compared
with previously predicted interaction motifs [53].
Because these interaction motifs are grouped into pairs
of complementary motifs, correlated mutation positions
were compared both to individual motifs and to pairs of
complementary motifs.
To predict coiled coils in the K-domain, a method
which compares sequences with sequences of known
coiled-coil proteins [85] was used, which is available via
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=n-
psa_lupas.html. Default settings were used (scoring
matrix 2-MTIDK, no upweighting of positions a and d),
and a window length of 14, minimum coil probability of
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predict coiled coil helices based on the predicted coil
probabilities. Helical wheel representations were gener-
ated with http://rzlab.ucr.edu/scripts/wheel/wheel.cgi.
Modelling of the structure of the MADS domain of
SEP3 was performed using Modeller [86]. Out of 1000
generated models, the 10 best based on the objective
score were used for docking. Modelling of a K-domain
helix was performed in CNS [87]. Dihedral angle
restraints were defined for backbone angles phi, -65° ±
20° and psi -40° ± 20°, respectively, and hydrogen bond
restraints were defined between each O(i)-N(i+4) pair
(lower and upper bound 2.3 and 3.5 Å, respectively) and
O(i)-HN(i+4) pair (lower and upper bound 1.7 and 2.5
Å, respectively). The anneal.inp CNS-script was used,
which applies a high-temperature torsion-angle
d y n a m i c sp h a s ef o l l o w e db yat o r s i o na n g l ed y n a m i c s
cooling phase and a second cartesian dynamics cooling
phase. Ten structures were calculated, and the lowest
energy structure was used. Protein structure figures
were prepared using Molscript [88] and Raster3 D [89].
Correlated mutations and sequence entropy
For the intramolecular correlated mutation analysis, cor-
related mutation positions in a given protein were com-
pared with the homologous positions in all other
proteins, and these pairs were either designated ‘con-
served’ correlated mutation if they showed a correlated
mutation as well, and ‘non-conserved’ correlated muta-
tion if they did not. To compare sequence variability at
‘conserved’ vs ‘non-conserved’ sites, sequence entropy
was used, which for alignment column k is defined as
SP P kj k j k
j
=−
= ∑ ln
, 12 0
where Pjk is the frequency of amino acid j at position
k.
Randomization trials
Here we describe the various random trials that were
performed in order to test for statistical significance. To
assess the statistical significance of the intramolecular
distance enrichment, 1000 random subsets of residue
pairs were generated (with the size of the subset equal
to the number of correlated mutation residue pairs). For
these, the fraction of residues within 15Å of each other
was calculated.
To assess the significance of observed intermolecular
short distance enrichment for correlated mutation posi-
tions, we applied a randomization procedure where the ori-
ginal pairs of sequences that formed an input set for CAPS
were randomly shuffled. This was repeated 1000 times.
To assess the significance of the observed overlap
between correlated mutation residues and predicted
interaction motifs, random ‘correlated mutation’ pairs
were generated by replacing each position in an
observed correlated mutation position pair with a ran-
domly generated sequence position. In doing so, we
took into account that a position could occur in several
correlated mutation pairs; such position was replaced by
the same random position in all its correlated mutation
position pairs.
Finally, to assess the statistical significance of the
observed preferred sequence-distance for correlated
mutation positions within helices in the K-domain, we
analyzed whether similar preferred sequence-distances
occurred within randomly generated stretches of the
sequence. The number and length distribution of these
stretches was similar to that of the predicted K-domain
coils, but their position within the sequence was
randomized.
Additional material
Additional file 1: Sequence identifiers for intramolecular correlated
mutation analysis. This file contains the sequences identifiers of the
sequences used in the intramolecular correlated mutation analysis.
Additional file 2: Input data for intermolecular correlated mutation
analysis. This file contains the pairs of interacting proteins used for the
intermolecular correlated mutation analysis.
Additional file 3: Intramolecular correlated mutation results.T h i s
files contains the correlated mutation pairs obtained from the
intramolecular analysis.
Additional file 4: Intermolecular correlated mutation results. This
files contains the correlated mutation pairs obtained from the
intermolecular analysis.
Additional file 5: Short distance enrichment significance. This file
contains an analysis of the statistical significance of the observed short
distance enrichment for the intermolecular correlated mutations.
Additional file 6: Correlated mutations that have consistent overlap
with predicted interaction motifs. This file contains correlated
mutations that have consistent overlap with predicted interaction motifs
and are strong candidates to be important residues for protein-protein
interactions of the MADS domain proteins.
Additional file 7: Conserved correlated mutations. This file contains
correlated mutations which are conserved, i.e. appearing in more than
one MADS domain protein (both intramolecular and intermolecular
correlated mutations).
Additional file 8: Prediction of helices in K-domain. This file contains
predicted helices in the K-domain.
Additional file 9: Predicted intramolecular contacts between helices.
This file contains contacts predicted between K-domain helices using
correlated mutations.
Additional file 10: Predicted intramolecular contacts helices -
MADS/I domain. This file contains contacts predicted between K-
domain helices and the MADS/I domain.
Additional file 11: Correlated mutations based analysis of
intermolecular MADS domain protein helix - helix interactions.T h i s
file contains an analysis of intermolecular contacts predicted between K-
domain helices.
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